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The Power of Slightly More than One Sample in
Randomized Load Balancing

Lei Ying, R. Srikant and Xiaohan Kang

Abstract—In many computing and networking applications,
arriving tasks have to be routed to one of many servers, with
the goal of minimizing queueing delays. When the number of
processors is very large, a popular routing algorithm works as
follows: select two servers at random and route an arriving task
to the least loaded of the two. It is well-known that this algorithm
dramatically reduces queueing delays compared to an algorithm
which routes to a single randomly selected server. In recent cloud
computing applications, it has been observed that even sampling
two queues per arriving task can be expensive and can even
increase delays due to messaging overhead. So there is an interest
in reducing the number of sampled queues per arriving task. In
this paper, we show that the number of sampled queues can be
dramatically reduced by using the fact that tasks arrive in batches
(called jobs). In particular, we sample a subset of the queues
such that the size of the subset is slightly larger than the batch
size (thus, on average, we only sample slightly more than one
queue per task). Once a random subset of the queues is sampled,
we propose a new load balancing method called batch-filling to
attempt to equalize the load among the sampled servers. We show
that our algorithm maintains the same asymptotic performance
as the so-called power-of-two-choices algorithm while using only
half the number of samples.

I. INTRODUCTION

In many computing and networking applications, including
routing, hashing, and load balancing (see [14]), a router (also
called scheduler) has to route arriving tasks to one of many
servers with the goal of minimizing queueing delays. Such
applications have been increasingly relevant recently, due to
the explosive growth of cloud computing where a large number
of servers in a data center are used to process a large volume of
tasks. Ideally, one would like the router to consider the queue
lengths at all the servers and select the shortest of the queues
since this is delay optimal, at least in certain traffic regimes
(see [6] and references cited within). However, sampling all the
queues can be expensive when the number of servers is very
large. Motivated by such considerations, load balancing in the
large-server limit was studied in [9], [11], [19]. The key result
in those papers is that queueing delays can be dramatically
reduced by sampling two servers for each task, instead of just
one, and routing the task to the shorter of the two queues.
We will call this basic algorithm the power-of-two-choices
algorithm as in prior work. These results have been extended
in various directions. In [3], [4], the results have been extended
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to the case of heavy-tailed distributions, in [17], [18], the

effect of resource pooling has been considered, and the case

of heterogeneous servers operating under the processor-sharing

discipline has been treated in [12].

In this paper, we are motivated by cloud computing ap-
plications in which each arrival is a job consisting of many
tasks, each of which can be executed in parallel in possibly
different servers. In queueing theory parlance, this model
differs from the models mentioned earlier due to the fact that
task arrivals occur in batches, i.e., each job corresponding to
a batch arrival of tasks. We note the terminology we use
here: a job is a collection of tasks, and each task can be
routed independently of each other. Such a model arises in
the well-known Map/Reduce framework, for example, where
each Map job consists of many Map tasks (here, we do not
consider the Reduce phase of the job). More generally, any
parallel processing computer system will have job arrivals
which consist of many tasks which can be executed in parallel.
The question of interest is whether the fact that there are batch
arrivals can be exploited to significantly reduce the sample
complexity. Here, by sample complexity, we mean the number
of queues sampled per arriving task to make routing decision.
Our motivation for this problem arises from a study of batch
arrivals to computing clusters presented in [13], where the
authors observe a phenomenon called messaging overhead,
i.e., the overhead of providing task backlog feedback can
slow down servers and increase the delays experienced by
tasks/jobs. Further, [13] proposes an algorithm which achieves
better performance than the power-of-two-choices algorithm
when both of them use the same number of samples per
arriving task. In this paper, we observe that this basic algorithm
for batch arrivals suggested in [13] does not work well in
all traffic conditions. Moreover, we present a new algorithm
which exploits batch arrivals in a manner in which it provides
much better sample complexity than the power-of-two-choices
algorithm for the same delay performance. Further, when
both algorithms are allowed the same sample complexity, our
algorithm achieves better delay performance.

Our main contributions are as follows:

1) We present an algorithm which samples md queues where
m is the batch size (i.e., number of tasks) of a job. Thus,
d is the number of sampled queues per task. The tasks are
routed to the queues using a novel algorithm called water
filling.

2) We first study our algorithm and other previously proposed
algorithms using a mean-field analysis. We show that,
for any d > 1, we achieve better performance than the
traditional power-of-two-choices algorithm in the large-



systems regime. Thus, the mean-field analysis shows that,
in the large-systems regime, we can reduce the number of
samples per arriving task dramatically: from d = 2 to any
d>1.

3) We then justify the mean-field analysis. In particular, we
first show that the stochastic system dynamics converge
to deterministic differential equations in the large-systems
limit for any finite ¢. Our proof here is motivated by the
proof of a celebrated result on density-dependent Markov
processes called Kurtz’s theorem [7], but our model is
somewhat nonstandard and requires additional steps which
are not needed in the original Kurtz’s theorem. Further,
using a novel Lyapunov function, we show that the sys-
tem of differential equations converges to an equilibrium
described by the mean-field analysis. Then by showing
the interchange of the limits, we prove the stationary
distribution of the queue size distribution converges to the
solution of the differential equations.

4) Finally, we perform extensive simulations to justify that our
analytical conclusions are indeed valid in large, but finite,
systems. In particular, simulations show that our algorithm
with just one sample per task on average, achieves the
same job delay performance as the power-of-two-choices
algorithm and dramatically reduces the delay compared to
the algorithm proposed in [13].

II. PROBLEM STATEMENT AND MAIN RESULTS

We consider a computing cluster with n identical servers
and a central scheduler as shown in Figure 1. Each server can
process one task at a time. Tasks arrive at the scheduler in
batches (also called jobs). Each batch consists of m tasks and
the job arrival process is a Poisson process with rate > \. We
want the batch size to be not too small, so we assume that m =
O(logn) and m is increasing function of n. For simplicity, we
consider a deterministic batch size here, but the results in the
paper can be extended to random batch sizes as well in a
straightforward manner, as will be discussed in the extended
version of the paper. Furthermore, the results of this paper
hold when the system has multiple distributed schedulers and
the job arrivals on these schedulers are independent Poisson
processes with aggregated rate > A. This is because the sum
of independent Poisson processes is Poisson. The scheduler
dispatches the tasks to the servers when a job arrives. The
service times of the tasks are exponentially distributed with
mean 1, and are independent across tasks. When a task arrives
at a server, it is processed immediately if the server is idle or
waits in a FIFO (first-in, first-out) queue if the server is busy.

We first describe the traditional power-of-d-choices algo-
rithm (which is a simple generalization of the power-of-
two-choices mentioned in the previous section) and another
previously-proposed idea called the batch sampling algorithm.
Then, we present our idea which we call batch-filling, which
combines batch sampling with our new load balancing tech-
nique called water-filling.

The-Power-of-d-Choices [10], [19]: When a batch of m tasks
arrive, the scheduler probes d servers uniformly at random for
each task. The task is routed to the least loaded server. o

m tasks in each job
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server 1 server 2 server n

Fig. 1: A computing cluster with n servers and a central
scheduler

Batch-Sampling [13]: When a batch of m tasks arrive, the
scheduler probes dm servers uniformly at random to acquire
their queue lengths. The m tasks are added to the the least
loaded m servers, one for each server. S

In this paper, we propose a new load-balancing algorithm,
named batch-filling: we sample queues as in the batch sam-
pling algorithm but the way that tasks are routed to servers
uses a different procedure which we call water-filling.
Batch-Filling: When a batch of m tasks arrive, the scheduler
probes dm servers uniformly at random to acquire their queue
lengths. The m tasks are added to the dm servers using water
filling, specifically, the tasks are dispatched one by one to
the least loaded server, where the queue length of a server is
updated after it receives a task. o

Remark: In batch-filling, the first task in a batch is routed
to the least loaded server among the sampled servers, i.e.,
the one with the smallest number of tasks in its queue. The
key difference compared to batch-sampling is that the server’s
queue size is updated after this (which means that this server
may no longer be the least-loaded in the sampled servers),
and then the next task in the batch is again routed to the
least loaded server, and so on. As we will see later, this small
change to the routing algorithm has dramatic consequences
to the sample complexity of the algorithm. In all algorithms,
at each step, ties are broken at random if there is more than
one least-loaded server.

In this paper, d is called probe ratio, which is assumed
to be a constant independent of n. As in [10], [19], we will
study the different algorithms in the large-systems limit, i.e.,
as n — oo, since a data center today may consist of tens of
thousands of servers. The main theoretical results which will
be established in the paper are summarized in Table I, and we
discuss them below.

o The expected per-task delay of batch-filling with any d > 1
is smaller than both batch-sampling with d = 2 and the-
power-of-two-choices when A — 17. In other words, batch-
filling outperforms the other two algorithms by sampling
slightly more than one server per task, hence the title of the
paper.

o The size of the longest-queue in the system under the-



Batch-Filling Batch-Sampling Pod
Expected per-task delay —%% +0\1) | —% l(l)fg(%,\_d/;) +0x(1) | =% l?fg(z,\_d/;) + 0\ (1)
d—1
Maximum queue size in the system [7% % if A\dd#1 00
(5] ifaa=1

TABLE I: This table summarizes the expected per-task delays and the maximum queue sizes of the three scheduling algorithms.
The order notation O)(-) is defined when 1/(1—)\) — oo, i.e., A = 1~. Pod stands for the-power-of-d-choices. In batch-filling
and batch-sampling, d > 1; and in the-power-of-d-choices, d is an integer and d > 2.

power-of-d-choices is unbounded for any d > 2 because the
stationary queue length distribution has unbounded support.
The sizes of the longest-queue under both batch-filling and
batch-sampling are finite because the stationary distributions
have bounded support. The longest queue under batch-filling
with d > 1 is smaller than that of batch-sampling with d = 2
when A — 17. When d is close to 1, the size of longest
queue under batch-filling is much smaller than that under
batch-sampling (7 versus 26 when d = 1.1 and A = 0.99).

« The small and bounded size of the queues under batch filling
has important consequences. A job is said to be completed
when all the tasks in the job are completed. Since the tail of
the queue size is cut off, this has the effect of significantly
reducing job completion delays, as we will see later in the
simulations section.

« The above theoretical results suggest that the sample com-
plexity (i.e., the number of samples per arriving task) can be
significantly reduced under batch-filling. On the other hand,
the computational complexity is slightly increased compared
to batch-sampling since we require to have to compare the
sizes of the smallest queues and the next smallest queues
each time a task is routed. However, this increase in compu-
tational complexity is a cost to be paid at the router whereas
increased sample complexity slows down the servers since
they have to send queue length feedback which takes time
away from their primary role of processing tasks. This is
the reason why sample complexity is a more significant
issue than the computational complexity in data centers
(although we do not want the computational complexity to
be very high either). The batch-sampling algorithm performs
O(dmlogm) computations per batch which corresponding
to a sorting operation, while batch-filling algorithm performs
an additional 2m operations since it has to keep track of the
queue lengths of the smallest queues and the next smallest
queue.

III. MEAN-FIELD ANALYSIS

In this section, we will use mean-field analysis to study the
stationary distributions of the queue lengths under batch-filling
and batch-sampling. The results will be further validated using
a proof inspired by the proof of Kurtz’s theorem in Section IV.
Let Qén) (t) denote the queue length of the kth server at time ¢
in a system with n queues. It can be easily verified that Q™ (¢)
is an irreducible and nonexplosive Markov chain, and using
the standard Foster-Lyapunov theorem (see, for example, [15])
it can be verified that the Markov chain is positive recurrent
and hence, has a unique stationary distribution.

Theorem 1. The Markov chain Q™) (t) is positive recurrent
under batch-filling. Furthermore, there exists a constant ¢ > 0,
independent of n, such that

1 A
ZQS@.”]«
n

k=1

E

for any n, where Q,(Cn) denotes the queue length of server k
in the steady state. o

The proof of this theorem is presented in the appendix. Let
7r§") denote the stationary distribution of queue k, i.e., the
probability that the queue size is ¢ at server k. Here, the
index k is ignored because the stationary distributions are
identically across servers. According to the theorem above,
we have Y, ir(™ < ¢, which further implies that 7\ — 0
as ¢ — oo and Z;O:Z 77](-”) — 0 as ¢ — oo. We remark that
one challenge in proving that the stochastic system dynamics
converge to deterministic differential equations lies in that
the system is an infinite-dimensional system. We will utilize
the facts mentioned above to overcome this challenge in the
proofs.

The mean-field analysis proceeds as follows. Assume the n
queues are in the steady state, and further assume that the
queue lengths are identically and independently distributed
(i.i.d.) with distribution 7r. This i.i.d. assumption in the mean-
field analysis will be validated later in Section IV in the large-
systems limit. Now consider the queue evolution of one server
in the system. Each queue forms an independent Markov chain
as shown in Figure 2, denoted by Q(")(t), and the transition
rates will be determined by the particular strategy used to
route tasks to servers. We will derive the transition rates for
each of the strategies described earlier, namely batch filling,
batch sampling, and the power-of-d-choices, in the rest of this
section.

Fig. 2: The Markov chain representing the nth system in the
mean field analysis



A. The stationary distribution under batch-filling

We first consider the batch-filling algorithm. The down-
crossing transition rate from state ¢ to ¢ —11is 1 for all ¢ > 1,
ie.,

qz(t) 1=1 Vi,

because the processing time of a task is exponentially dis-
tributed with mean 1. The up-crossing transition rate from
state ¢ to state j for j > i is

—AX—XZ]P’
= d/\Z]P

In the expression above,

) _

4.5 x P(jl¢, 1)

J\d% (1)

. %)\ is the batch arrival rate;

o dm/n is the probability a server is probed when dm servers
are sampled;

e ¢ is a (dm — 1)-vector that denotes the queue lengths of
the other dm — 1 sampled servers, so

dm—1

= H T
k=1

and
e P(j|¢,i) is the probability that a server’s queue length

becomes j when the server is sampled and is in state ¢,

and the the states of the other dm — 1 sampled servers are

.

Without loss of generality, assume ¢ < ¢; if &k <[, ie.,
¢ is ordered. Recall that batch-filling dispatches tasks using
water filling among the sampled dm queues. Therefore, given
i and ¢, either j = i if no task is assigned to the server,
or j takes two possible values. Consider a simple example in
Figure 3 where three tasks will be dispatched to four servers
with queue lengths 1, 1, 4, and 4. Then the servers whose
queue size is 4 will not receive any task, and the servers whose
queue size is 1 will receive one or two tasks.

I

Fig. 3: An example of water filling

QG

Assume ties are broken uniformly at random. The values of
P(j|¢, i) are summarized below.
o If
dm—1

D (= on)lge<ion = m, 2)

k=1

which means that the tasks will be assigned to servers whose
original queue sizes are smaller than ¢, then
if j =1,

1
]P’(j|¢,i){0 it 4

« If condition (2) does not hold, then the server with queue
size 7 will receive some tasks, and

g l—ag; ifj=Qe:i—
P(jl¢. i) = bb T
Qg if j = Qg

where

dm—1
Qg,i = min {j L)+ D G- o)1 > m} ;

k=1

which is the maximum size a queue can be filled up to
during the water filling, and «ay ; is given by

~ . dm 1
—(Qgi—1—-1)— (Qgp.i — 1
dm 1
1+_§:k 1 H¢k<Q¢i—1

which is the probability that a server receives one more task
after its queue size becomes Q¢ ; — 1 during water-filling.
(n)

— 1)y <0, -1

)

While the transition rate ¢; ;/ in (1) is a complex expression

for finite n, the following lemma shows that qu) converges
to some simple g; ; as m — 00. The proof of this lemma is

presented in the appendix.

Lemma 2. Under batch-filling, the transition rates given dis-
tribution T, denoted by qqu)(ﬂ), converges; and specifically,

lim ¢\" () = g (),

n—oo

where for j # 1,

Ad(lfa‘lr) ifj:Qﬂ71>ia
qij(m) = LA
Ay ifj=Qn >1,
0 otherwise,
j—1 1
) =min< j: i —)m > = 3
Q {] l;(y ) z_d} 3)
and
Q«—Q
1_ g
O = E (@ s € (0,1].

Q,—1
Z o

According to the lemma above, the queue length dynamics
of a single server, in the limit as the number of servers
becomes infinity, can be represented by the Markov chain in
Figure 4, where the up-crossing transitions are info only two
states Qr — 1 and Q, due to water filling. Based on Lemma
2, we can calculate the stationary distribution of the queue
length of a single server in the large-system limit by finding
7 that satisfies the global balance equation [15].
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Fig. 4: The queue-length Markov chain of a single-server, in
the large-system limit, under batch-filing

Theorem 3. The stationary distribution of the queue length
of a single server in the large-system limit under batch-filling
is

1—2\ i=0,
(1= MAd(1 + Ad)i? 1<i<Qpr—1,
1—(1=XN(1+ )% i=Qpp,

P =

4)

0 otherwise.
where Qpp = {7%—‘. The expected queue length is
log(1 — )
——— 4+ 0,(1).
log(1 + Ad) A1)

Proof. We first show Qpr = Q#, where Q is defined in (3).

Note that Qppr > 1. If X and d are such that Qgpr = 1, then
equivalently

~ log(1—A) <1

log(1+ Ad) —

)

which implies that ﬁ <1+ M, or é <1— A Then @ =

(I=XA\0,...) and
Qx =1=Qpr.

If A anq d are such that Q Br > 1, according to (3), to show
Q# = Qpr we only need to show

Qpr—2 1 Qpr—1
>, @er-1-Dm<-< Y (@pr—Di. )

=0 =0

Let LHS and RHS denote the left-hand-side and the right-
hand-side of (5). Then

QBr—2 i

X (14 Ad)@sr—1 1
LHS = =(1-—
S Z ij (1-X\) " ,
=0 j5=0
and
Qer—1 i 9
B . (14 Xd)@BF — 1
RHS = Z ij—(l A)T.
=0 j5=0
Then (5) is equivalent to
- log(1 —\) ~
—l<c - = <
QBF < log(1 + Ad) = @BrF,

which holds according to the definition of Qrr.

We next check the global balance equations. For ¢ = 0,

70(00,0 5 T 90,05r—1) — T141,0
—(1 = MM — (1 — M)A
=0.

For 1 <i< Qpr —2,

7i(Qii-1 + 4,0pp T %,0pr—1) — Tit1Git1,i
= (1 = M)A+ M) 1+ Ad) — (1 — M)Ad(1 + \d)*
=0.

FOFi:QBF—l,

ﬁ-QBFfl(qQBF*LQBF*Q + qQBF*LQBF)
QBr—2

o 2: Tid,Qpr—1
=0

=~ TQpr9Qsr.Qpr—1

=(1 — MAd(1 4+ A\d)9EF (1 4 Adaz)
— (1= A1+ )97 2\d(1 — az)
— (1= (1= A1+ Ad)@er—1)

=(1 = A1+ )@ ' (Adag +1) — 1.

From the definition of auz we can verify that

1 1
qp = - .

(1= N)(1+Ad)Qer—1 X

So we have

ﬁ-QBF—l(qQBF—LQBF—Q + qQBF—LQBF)
Qpr—2

- Z ﬁ-iqi,QBF—l
1=0
- ﬁQBF 4Qpr.Qpr—1

=0.

For 1 = QBF,
Qpr—1
ﬁQBFqQBF,QBFfl - Z ﬁiqi,QBF
1=0
=(1— (1 =X 1+ Ad)? 1) — (1= N)(1 + Ad)??F " Adas

=1 — (1= A)(1+ )@~ (1 + Adoz)
=0.

So the global balance equations holds.
Finally the expected queue length in stationary distribution



is

7}1+27%2+"'+QBF7%QBF
Qpr—1 i
= > 1= 7

i=0 j=0

Qpr—1
= > (1-1=N1+2r))

i=0

- (14 Ad)@sr —1
= (1)t T
Qpr — (1= N2
~ log(1—))
B log(l—&-d)JrO’\(l)'

B. The stationary distribution under batch-sampling

Recall in batch-sampling, the m tasks are routed to the least-
loaded m queues among the sampled dm queues. Consider a
server with queue size ¢ and assume it is probed. Then the
server will receive a task with probability

dm—1

_ - N
E | min 1(”“23‘0 k=1 Lox J>
’ dm—1
1+ Iy =i

. dm—1
m _2271 Doper lop=y

. dm—1 =0 dm—1

=FE [min< 1, [ & L
1 + Zk:l Hd>k='i

dm—1 dm—1

—E

1 i—-1_\t
. Efzjzoﬂj
min¢ 1, | ——————
U

Following a similar analysis as batch-filling, we can establish
the following lemma. The details are omitted.

Lemma 4. Under batch-sa

glmg, the transition rates given
distribution T, denoted by ql

) converges; and specifically,

ifi+1=7<Qr—1,

n—roo0 "7 g ifi+1=j=Qn,
0 otherwise,
where
B i—1 1
Qx = min {Z Zﬁj > d}
1=0
and

1 Q?r_2
1 -
_aT 2™ € (0,1].

<

The Markov chain in the large-system limit is shown in
Figure 5. Given 7, the Markov chain is a birth-death process
up to state Q. The stationary distribution can again be
calculated using the global balance equations. The results are
presented in Theorem 5, and the details are omitted.

Ada,
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Fig. 5: The Markov chain in the large-system limit under
batch-sampling

Theorem 5. The stationary distribution of the queue length of
a single server in the large-system limit under batch-sampling

1-—A =0,
. (1 - X)\id 1<i<Qps—1,
AL S WG QR PAPLES U o
( ) Nd—1 = ®Bs,
0 otherwise.
where
_ logd
- M
s = { fog(A) w |
The expected queue length is
log(1—A)
—————2 4+ 0x(1).
log(M) | A1) o

C. The stationary distribution under the-power-of-d-choices

For a system with non-batch (single) arrivals, the stationary
queue-length distribution of a single server in the large-system
limit under the-power-of-d-choices has been established in
[10], [19]. The power-of-d choices routing under our batch-
arrival model also satisfies the same limiting queue-length
distribution, which we provide below for comparison purposes.

Theorem 6. The stationary distribution of the queue length
of a server in the infinite system under the-power-of-d-choices
is

The expected queue length is

_log(1—1)

log(\d) +Ox(1).

IV. DIFFERENTIAL EQUATIONS AND KURTZ’S THEOREM

The results in the previous section were obtained using the
mean-field analysis which assumes that the queues are i.i.d.
across servers. We will justify the mean-field analysis in this
section.

Again, we will focus on batch-filling. The same results can
be established for batch-sampling and the-power-of-d-choices
by following similar steps. We first consider the following



non-linear system described by differential equations:
dI‘i

dt
—(]. + )\d)(El + Ti+1 1 S Xx — 2,

Ad(1 — ax) sz — (14 Moax)w; + w401, i=Xx—1

i
)\dOLle‘jfﬂfi+l‘i+1, Z:Xx
=0
—x; + T4 otherwise,
(6)
where

Ju

j—

1
]—l$l>
=0

Lo (K — 1 ey
230 Ty

These differential equations are derived from the Markov
chain in Figure 4. View z; as the fraction of queues with
length i. Consider z; for i < X, — 2. According to Figure 4,
x; decreases with rate x; X (1 + Ad) because the queue size
of a server with size ¢ becomes ¢ — 1 with rate 1 and becomes
Xy« — 1 or Xy with total rate \d; and z; increases with rate
T;41 because a queue with size ¢ + 1 becomes a queue with
size ¢ with rate 1. Note this is a non-linear system because o
and X, depend on the state x.

We further define

and

Qx =

oo
t) =" ;(t)
=i
for ¢ > 0, which is related to the fraction of the servers with

queue size > ¢, and
oo
$; = E j
j=i

for 7 defined in (4). Note that sg(t) = 1 for any ¢. The
differential equations of the non-linear system can be written
in terms of s(t) as follows:

dSi -
dt
)\d—(1+)\d)s,~+s,~+1 1 SXS— 1,
i—1
/\_/\dZ(l_Sj)_Si+5i+1, iZXS 7
j=0
—8; + Si+1 otherwise,
where
i—1 1
X, =max{ i: Zo(l —55) < p
=

The following theorem establishes the equilibrium point and
the stability of this non-linear system. The proof is presented
in the appendix.

Theorem 7. Assume the initial condition s(0) satisfies 1 =
$1(0) > s9(0) > -+ > 0 and (ii) |s(0)| < oco. Starting from
s(0), the system converges to the equilibrium point § as t —
oo, where | - | is the 1-norm. o

Next define H(”)( t) to be number of servers with queue
size i in the nth system, and 7" (¢) = %HE") (t) to be the
fraction of servers with queue size ¢ in the nth system. Here we
deliberately reuse notation 7 because in the steady state, the
fraction of servers with queue size ¢ is equal to the probability
that the queue size of a server is <. However, note that here
(") (t) is a random vector instead of a distribution. Define the
vector T'(™)(t) € N> such that its i*" component I‘( L)( t) =

Z;’O:Z HJ(") (t) is the number of servers whose queue lengths

)
FT(”, and 4 such that 4; = >

[o CRENPN

are at least i, v(")(t) = j=4i T3

for 7t defined in (4).

The following theorem states that (™) (¢), which is stochas-
tic, coincides with s(¢) for any bounded time interval [0, ]
when n — oo. Here we define I/ to be the space of all
sequences < such that

l=vwz2m=z2---20 3

with the 1-norm. The proof is presented in the appendix.

Theorem 8. Suppose that v (0) — s(0) in probability,
where s(0) is a deterministic initial condition such that
s(0) > 0 and |s(0)| < oo. Then the following holds

lim bup Iy ™) () —

This result is motivated by Kurtz’s theorem [7]. However,
we remark that Hgn)(t) is not a classical density dependent
Markov chain because qEZ) cannot be written in the form of
nf; for some B; independent of n, and 4(™) is an infinite-
dimensional vector. Therefore, the proof of Kurtz’s theorem
does not directly apply. Our proof is a non-trivial extension of
Kurtz’s theorem.

We also remark that [s(0)| = >, iz;(0) < oo is related to
the average queue size at a server, so the condition simply
requires the average queue length per server is bounded
initially.

Theorem 7 and Theorem 8 establish the following result:

in probability.

A (1) B2 s(t) 2 4, )

which further implies that

M (1) 222 x (1) 22 & (10)

A direct consequence of (10) is that if 7 (™) converges to some
7t or a subsequence of (™) converges to some 7, then 7 = 7.
The convergence of stationary distributions will be discussed
in the next section.

V. CONVERGENCE OF THE STATIONARY DISTRIBUTIONS

We first present a theorem on the interchange of limits.
The theorem is similar to Theorem 5.1 in [1]. However, [1]
assumes the state space of each system is finite but in our
system, the state space of each queue is the set of nonnegative



integers. While the proofs are similar, we present it here for
the completeness of the paper.

Theorem 9. Consider a sequence of random processes X (™)
indexed by a scaling parameter n, where X" is a vector that
denotes value of the process at time t, and a dynamic system
X(t) = F(X). Assume X and X satisfy the following
assumptions:

e (Al) Suppose that for any n,
XM () 2 XM, (11)

where X" is the stationary distribution of the random
process and = denotes the weak convergence.
o (A2) Suppose for each finite t,

XM () 2 X(1), (12)

when
' () =
nh_)rrOlOX (0) = X(0)
where both X(™(0) and X (0) are deterministic initial
conditions, and X(0) € X, where X is a set of initial
conditions.
e (A3) Starting from each initial condition X(0) € X,
assume that

tlggo X(t) = X. (13)

e (A4) Any subsequence of X(™ has a subsubsequence

that weakly converges. The limit of any convergent sub-

sequence, denoted by X, satisfies P (X ekX ) =1 and
its support is separable.

Then X(™ 25 X. <o

This result establishes an interchange of limits because from
(A1) and (A2), we have
lim lim X™(t) = lim X(¢) = X.
t—o00 n—0o0 t—o00
The theorem says that with additional assumptions, we further
have
lim lim X™ () = X.
n—o00 t—o00
The proof is presented in the appendix.
By utilizing the result above, we show the convergence of
the stationary distribution in the following theorem.

Theorem 10.

A L .

Proof. Define

X={v:1=m 2722...20,Z%<oo},

which is separable because it is a subspace of I! = {v :
> |vil < oo}, which is a separable metric space.
e (A1) holds due to Theorem 1.
o Note lim, ;v (0) = s(0) for deterministic initial
conditions (™) (0) and s(0) implies that v(™) (0) — s(0)
in probability. Therefore, according to Theorem 8, given

deterministic initial conditions v(")(0) and s(0) such that
lim,, 0 7™ (0) = s(0), we have

lim sup |y (u)—s(u)| =0 in probability,
n—00 <y <t
which implies weak convergence.
(A3) is established in Theorem 7.
To validate (A4), we consider the space U which is the
set of ~ satisfying (8) and with the following norm used
in [19]

" — sup P
Iy =l = sup ——.
i>0 ?
Under this norm, space U is compact. Define *yi(”) =
Z;’; fr](-n) where 7(") denotes the stationary distribution
of 7w(™(t). By Prokhorov’s theorem [2], since I/ is com-
pact, there exists a subsubsequence for any subsequence
of 4™ that weakly converges to a random vector 4
under | - ||, which is denoted by 4("#). By the Skorohod
representation theorem, there exists a sequence of random
vectors with the same distributions that converge almost
surely. By slight abuse of the notation, we assume (")
converges to v almost surely. Since 0 < ~v; < 1, by the
dominated convergence theorem, we have

(k) ~

lim E[|5;™ — %[l =0 Vi. (14)
k—o0
Define
E
fe) =D
i=1
It is easy to verify that fi(-) is a continuous and bounded

function under the 1-norm. According to the definition of
weak convergence, we have

E[>"; 7] = im0 E [fr(7)]
= limpoo limp oo E[f(3T™)] <¢,  (15)

where the last inequality is due to Theorem 1, which
implies that
PHeX)=1.

The uniform convergence of the series

2|

is established in Appendix F. By Tonelli’s theorem,

5" 5| (16)

lim E[|500 - 5] =o, (17)
—00

which implies 4("*) converges weakly to 4 in 1-norm.
Therefore (A4) holds.
O

Based on the theorem above, we further have the following
results according to using the same analysis for getting (14)
and (17).

Corollary 11.

lim E[F™) =4 i,

n—oo v



Jim E lz &5’”] = (18)
and
lim E {W”) - fy@ = 0. (19)
n— o0

In the next corollary, we show that any k queues are
independently and identically distributed with distribution 7
in the large-system limit, where k is a constant independent
of n. Then the system is said to be 7-chaotic [16]. We prove
the result by showing that the unique stationary distribution
of k queues that satisfies the detailed balance equations in the
large-system limit has a product form.

Corollary 12. Consider a set of k servers, and without
loss of generality, assume the severs are 1,2,--- k. Let
7" (Q1,Q2,--- ,Qr) denote the station distribution of the
queue lengths of these k servers. In the large-system limit, we
have

lim ’/T(n)(Qla QQ; T

k
o 7Qk):H”TQm
i=1
i.e., the k queues are independently and identically distributed
with distribution . o

VI. SIMULATIONS

In this section, we use simulations to evaluate the perfor-
mance of the three load balancing algorithms in large, but
finite-server, systems.

A. Deterministic Batch Size

We first considered systems with n = 10,000 servers, batch
size m = 100. We evaluated the per-task and per-job delays
of the three algorithms with different probe ratios d. Figures 6
and 7 show the per-task delays and per-job delays, respectively,
when A = 0.7. Figures 8 and 9 show the per-task delays and
per-job delays, respectively, when A = 0.9.

From these figures, we have the following observations.

o In terms of per-task delays, batch-filling matches the power-
of-two-choices with d = 1.3 when A = 0.7 and with d = 1.2
when A = 0.9. Batch-sampling, on the other hand, requires
d = 16 when A\ = 0.7 and d = 1.7 when A\ = 0.9
to achieve the same per-task delay as the power-of-two-
choices. Furthermore, even with d = 1, the per-task delay
of batch-filling is only slightly larger than that of the power-
of-two-choices; but batch-sampling has much larger per-task
delay when d = 1 (10 versus 3 when A = 0.9). Note that
the per-job delay of batch-sampling with d = 1 has been
omitted in the figure for readability of the figure.

« Batch-filling performs even better in terms of per-job delays.
As we can see from Figures 7 and 9, batch-filling matches
the power-of-two-choices even with d = 1! We believe this is
because the maximum queue size of batch-filling is smaller
than that of the power-of-two-choices when d = 1 even
though the average queue size is larger. Batch-sampling
requires larger probe ratios to match the per-job delays of the
power-of-two-choices. This is because the maximum queue

size of batch-sampling is larger than that of batch-filling as
shown in Table L.

B. Random Batch Size

In this set of simulations, we evaluated the performance of
algorithms under random batch sizes. We assume the batch
size M is random variable such that with probability 0.5, M
is geometrically distributed with mean 75; and with probability
0.5, M is geometrically distributed with mean 125. The other
settings are the same as those used with fixed batch sizes. The
results for A = 0.7 are shown in Figures 10 and Figure 11;
and the results for A = 0.9 are shown in Figures 12 and 13.
We note that the conclusions of our previous simulations do
not change with these modifications.

VII. CONCLUSIONS AND EXTENSION

In this paper, we proposed a new load-balancing algorithm,
named batch-filling, which uses water-filling to attempt to
equalize the load among the sampled servers. The algorithm
provides a much lower sample complexity than the power-
of-two-choices algorithm for the same delay performance.
Specifically, it only needs to sample slightly more than one
queue per task to match the per-job delay of the power-of-
two-choices algorithm.

We remark that the theoretical results of this paper can be
extended to random batch sizes. Let M (™) (t) denote the batch
size at time ¢ in the nth system. Assume M (™ (t) are i.i.d.
across time ¢t. The main results of this paper hold given the
sequence of random variables % converge in distribution,
are uniformly integrable, and M (™) (t) = ©(logn). In particu-
lar, Theorem 1 can be established by using the same idea that
the Lyapunov drift of water-filling is dominated by random
routing. Lemma 2 also holds because ]E[]\]/\I/Ii((tb)] converge in
probability. The differential equations remain the same under
random batch size, so Theorem 7 is still valid. Finally, it is
easy to verify that D;/(dm) converges in mean as m — 0o,
where m = E[M ()],
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APPENDIX A
PROOF OF THEOREM 1

We ignore the superscript (n) of Q,(C”)(t) as we will focus
on the nth system. Define the Lyapunov function to be

V(Q() =) Qi)
k=1

Let x,y € N" denote the state of the Markov chains, and ¢x
denote the transition rate from state x to state y. According

20 : : :
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Fig. 13: The average job delays for power-of-two-choices
(Po2), batch-sampling (BS) and batch-filling (BF) with A\ =
0.9 with random batch sizes.

to the Foster-Lyapunov theorem for continuous-time Markov
chain (see, for example, Theorem 9.1.8 in [15]), we consider

3 oy (V(y) - V().

y#x

(20)

Define 1 x n vector ey, such that ey[k] = 1 and ex[l] = 0 for
any [ # k. Then

Oxx—o (V((x —e)) - V(x)) < 2y 41,

which corresponds to a departure at server k. Next define Wy
to be the set of possible states of the Markov chain when a
batch arrival occurs when the system is in state x, then

An [ .om
> ey (V) = V) S o (22 e +m
yEUK k
= 2/\2337;€ + An,
k

The inequality (a) can be established by comparing batch-
filling with the load-balancing policy that places the m tasks
to a set of randomly selected m servers, one for each server.
Note that water-filling is the optimal solution to the following
problem:

ming Y07, (ar, + Q)
ZZZI ar=m
ar €N V k.

subject to:

Therefore >y Gx,yV (y) is minimized under water-filling,
conditioned on the same set of dm sampled queues, and
inequality (a) holds.

Therefore, we have

Yy (V) = V() <= (2-20) D ax +n+dn.
y#x k

Therefore, the Markov chain is positive recurrent according to
the Foster-Lyapunov theorem. Now assume the system is in



the steady state, then we have

0=E > axy (V(y)—V(x)
y#x
—(2-20E | k| +n+An,
k

which implies that

1 1+A 1

— < < .
nzxk‘| =220 " 1-2

Therefore, the theorem holds by choosing ¢ = 1/(1 — A).

APPENDIX B
PROOF OF LEMMA 2

Without loss of generality, assume server 1 has queue size
17 and has been probed. Now given any j > 0, define

dm—1

= Z Lg).=;>
k=1

which is the number of probed servers with queue size j
without including server 1, and is the summation of dm — 1
ii.d. Bernoulli random variables with mean ;. We further
define p; = E[X;] = (dm — 1)7;.

Consider any i such that i > Q. The probability that server
1 receives a task in water filling is upper bounded by

(m-ihG-x\
1+ Y0 o X;

- L N
B (m—Z?_"o 1(QTF_.7)Xj>
i 1+ 397 X

E

m_ Q,,—l 5 o X, \T
L dm 1 + Z] =0 dm 1
which converges to
Qu=1(5__ +
( — Za 0 (Qn J)”j> 22)
Z] 0™

as m — oo because X;/(dm — 1) converges to 7; in
distribution and the term inside the expectation is bounded
and continuous in terms of X;/(dm — 1). According to the
definition of Q (3), we know that

% 0n e <0
7=0

Q.M—‘

0 (21) — 0 and,

Gij=0 i>Qnandjd{ii—1}, (23)

Now we assume 7 < Q,\.. In this case, the queue size
of server 1 becomes > ) (QQ > 1) after water filling with

probability
. +
-1- a)X])

) Q-2
m — —1—-12)— v

£ fmin 0 1. ( @ ) -7 (@

Similar to the analysis above, it can be shown that

—1
L+ Z;Q:o X

m—(Q-1-1) - NFQ-1-j)X;
-1
1+ 390 X,
converges to
—92 .
i-Yie ,1,])%
Zg o T

For Q > Qn + 1, according to the definition of Q,, we
have

=1. 4)

Therefore, for any i < Q and i # j, we have

Aoty if j =Qn
qu‘ = )\d(l - Olﬂ->, if ] == Qﬂ- - (25)
0, otherwise.
Hence, the lemma holds.
APPENDIX C

PROOF OF THEOREM 7

Motivated by the proof in [10], we consider the following
Lyapunov function

V(t) = Z |si(t)

3, so the Lyapunov function can be written

— ).

Define ¢; = s; —

as
e

V(e) = lat).

i=1



We will analyze the upper right-hand derivative
dV(t ") —
() _ . V) -V
dt v —tt t—t

in three different cases.

« In the first case, consider s such that Xy = Qgr. In this
case, the differential equations can be written in terms of
€ in the following form:

—(1+M)e;+ 641 i< Qprp—1,
i—1
dEi . ~
o =MDt i=Qpr (26)
j=0
—€; + €41 otherwise.

Now for ¢ < QBF —1,

d‘e| 7(1 + )\d)el + €i4+1 if ¢, > 0,
Tg = (1 + )\d)EZ — €11, if ¢, < 0,
—Jerl, if e; = 0.

which implies that
dles]

<
dt —

Similarly, we can obtain that

dle; < {_|€i| + AdZé‘

1
_1 legl + leigal
de —lei| + |€it1]

—(1 4+ Ad)ei| + leipa] < Qpr—1.

if i = Qpp,
ifi > Qpp.

Combining the results above and the fact that s;(¢) — 0
as ¢ — oo for any ¢, we conclude in this case,

dv(t = dle;
():Z |l|§7|€1|.
dt _ dt
=1
« In the second case, consider s such that Xg > Qpp. Then,
similar to the analysis of the first case, we have
dEZ' <
dt —
We next consider two subcases.
— In the first sgbcase, S50pr 2 éQBF' Note that 5, = 0
for any ¢ > Qpp, so we have

—(1+Md)|e] +|eiv1] Vi< Qpr—1. (27)

L dt &~ dt &~ dt
i=QBF i=QBF i=QBF
Qpr—1
=A=M > (1-s5)—sq,,
Qpr—1
=\ Z — €0pr
Qpr—1
< —legeel +A D0 gl (29
§=0
Combining (27) and (28), we obtain
dV (t)

” < —ler| = legypl 0.

— In the second subcase, S$opr < §QBF. In this case

oo

3 dle;|
4 dt
i=Qpr+1
> dEZ‘ > dSZ‘
= > w- X oa
i=Qpr+1 i=Qpr+1
QBF
=A-Ad Z ~ SQpr+1
QBF
=A=MY (1-3)
3=0
Qpr
+ Ad Z €5 — €Qppt1
7=0
QBF
‘GQBF+1|7 (29)

<MD el -
=0

where the last inequality holds due to the definition of
Qpr and the fact that €5, 1(t) = sg,,.+1(t) > 0
for any ¢.

Next, given $0pr < §QBF, we have

dlegs|
dt
dsQp

dt
=— A+ (1+ )\d)sQBF
=— A+ (1+ )\d)éQBF

+ (1 + /\d)eQBF T €Qpr+l
—(L+Xd)|egppl + l€gspt1ls (30)

~ S5Qpr+1

where the last inequality holds because €5, < 0, and

—Ad+ (14 Ad)s

QpF

== Ad+ (14 Ad) (1= (1= N (1 + )22 1)
=1-(1-N(1+ )\d)QBF

1
<l1-(1-XN)——-=0.
<1-(1- N5 =0

Combining inequalities (27), (29) and (30), we obtain
dV (¢
W < al <o,

In the third case, consider s such that X5 < Qpr. In this
case, we first have

= d|6,‘|_ > dSi_
D D DR

i=Qpr+1 i=Qpr+1

—legyriil,  GBD

and
dEi . =
X < —(1+/\d)|€i|+‘€i+1| Vi< Xs. 32)

We next further consider the following subcases.



- Assume s < 8x_, SO

djex,| A
= A+ jz:;)(l—sj)+s)zs—8gs+1

Note that §; — 5,41 = Ad(1 — ;) for any i < QpF, 0

dlex,| &
n :—)\+)\dJZO 1—-3)
Xs—1
—M Y e tex, —exon
j=0
Xs
<—A+ MDY (1-3))
j=0

lex,| + lex,41l- (33)

Xs—1
+ A D el -
=0

Next for X < i < QBF, we have

d€i +
=—si+si
aQ +1
=—58 +8iq1— €6 €4
=Ad — A\dS; —€; + €41,
which implies that
d|ez| - =
1 <)\d(1—8) ‘5i|+|€i+1| VXs<i<Qpr.
(34)
For 7 = QBF, we have
des
Q _ _ _
d:F == 5Qpr T 5Qpr+1

- §QBF + '§QBF+1
Qpr—1

=\ — M Z (1-3;)

which implies that

~ €Qpr + €Qpr+1

~ €Qsr + €Qpr+1

d|€Q ‘ Qpr—1
— T SAM Y (1-8) — lequpl + leqapsl-
§=0
(35
Summing inequalities (31) - (35), we
dV (t)
< —ler| <0.
@ < lals
- Assume sg_ > 5x_, then
dle,| )
g =A— A\ jzo (1—55) —sx, +5%.41
Xs
=A=MdD (1—s;)+Ad(1—sg,) -
j=0
S@Ad — (L4 Md)sx, + 5%, 11

— (U + Md)lex |+ lex 4l (36)

where inequality (a) holds due to the definition of X,
and the last inequality holds because

M~ (14 2d)dx, + 85 1 =0

when X < Qpr.
The summation of (34) and (35) yields that

& dlel
Z i <\ — /\dz 1—355) = lex. 11l +legpptil
i=Xs+1 7=0
Xs
A=) (1-s))
j=0

Xs
—AdY e -

=0

Xs
<MY | -
=0

|€XS+1| + |€QBF+1|

|6Xs+1| + ‘EQBF+1|’

(37)

where the last inequality holds due to the definition of
Xs. The summation of (31), (32), (36) and (37) yields

dV(t)
< — <0.
= lals
In a summary, we have shown that
dv (t) <0, ifs(t)#s (38)
dt =0, otherise.
Next define i* = min{i : ¢; < 0}. If such an i* exists,

since §; = 0 for any ¢ > Qpp, i* < Q gr. Furthermore, if

X, < QBF, then i* < X,. It is easy to verify that when ¢*
exists,
dleg 1| deg 1
= = —(1+ Xd)|ej=—1] — |es=].
y Sl = (14 Ad) e e

Since the following bound has been used throughout in the
proof

dleg-—
% < —(1+ Ad)[ez—1| + [ei-],
when 7* exits, we can further obtain
dV (¢
O < er) el (39)
which implies
=0, ifs(t)= “.
dV(t) ) <0, if s;(t) < 3; for some i 40)
dt <0, ifsl()>§
<0, ifs;(t) > 8; Viand s1(t) = 3.

The result above shows that |s(t) — §| is non-increasing.
For any « such that |x| < co, we define

Sz ={y: |yn| < |@n| for all n}.

Then we can see that S, is compact since we can approximate

5% T 5%iHe tail with €/2 and the first finitely-many elements are

in an equivalent Euclidean space and hence the the finite-
dimensional part is totally bounded with the remaining €/2
as well.



Since |s(t) — 8| is non-increasing, given a fixed r > 0 and
initial condition s(0) € B(8, r), where

B(s,r)y={secX:|s—35| <7},

we have

Is(t)| <r+18] V¢t

Since s1(t) > sa(t) > ... >, there exists N(r) such that for
any ¢ > N(r) and any ¢ > 0,

si(t) <

&l

$i41(t) <0

Now consider any initial state s(0) € X. Let r = [|s(0) —

and
1
r_
T {si(O)

Then s’ € X. Let Q = B(8,7) N Sy. Since both B(8,r) and
S, are closed and Sg is compact, we have that () is compact.
Also note that for any initial state s(0) € 2 we have s(t) € Q
as well, so € is positive invariant and compact.

Furthermore, given s(t) such that s1(t) = $; and s;(t) >
3;(i > 2) , it can be easily shown that s (¢t + dt) > §; for a
sufficiently small 0¢ unless s(¢) = §. The result can be proved
by following the idea of LaSalle’s invariance principle [8].

el

if i < N(r),
if i > N(r).

APPENDIX D
PROOF OF THEOREM 8

Recall the definition of TI(")(t) € N> where the i*" com-
ponent HZ(-") (t) is the number of servers whose queue lengths

are equal to 7. Since TTI(™ (¢) can be uniquely determined by
T'(™)(t) and vice versa, and TI(")(¢) is a Markov chain, T'(") (¢)

is a Markov chain and we have
t
([ mr e a).
0

() = + > LNL
(41)

LeNee

where N, (x) are independent standard Poisson processes and
Rin)(l") is the transition rate of the Markov chain from state

T to state T 4+ L. For example, given
L= (05_17()"" 7)/7

which corresponds to the event that there is a departure from
a server with queue size 1,

R(0) = 1) — 1
because there are Fg") - F(Q") servers with queue size 1.

Dividing by n on both sides of equation (41), we get

7O+ Y

LeNee

~™(t)

Now define B,,(t) to be the total number of batch arrivals
within time interval [0,¢] in the nth system. Then B, (t) =

%NL ( / R (1) ) du) .

N(2At), ie., a Poisson random variable with mean
Define event B,, o to be

Bpo = {B() (1+a)

A,

LSV
m
and Z% ) < (
Applying the Chernoff bound, we obtain
a)ﬁ)\t) >1— e‘ﬁAth(“),
m
where h(a) = (1 + a)log(l + a) — a. Also

lim P <Z A0y < 1+ ) Zs&O)) =1

%

i (Bn(t) <1+

because (™) (0) converges to s(0) in probability according to
the assumption of the theorem. Thus, we have
lim P (B,

n—oo

)= 1.

Note that n ), %-(n) (u) is the total number of tasks in the
system at time w. When B,, ., occurs,

0§u<t2%n) (1+a) <)\t+Zsi(0)> .

max

Define C, = (14 a)(At + >, 5,(0)). When the inequality
above holds, we have
M Zw(’” <% vo<u<t wi (42)
i Z —_ — ) )
which further implies that for k = [ T (1Cj T )—‘ , we have
2 d

2 (u) <

1 1
_2<1—> VO<u<t Vi>k  (43)

d

Next we define the following four sets:

. 7;* : the set of L such that L > 0, which is the set of LL
related to arrivals,

o LI : the set of L such that L > 0 and L;
1> k+1

o 7.7 : the set of L such that L < 0, which is the set of L
related to departures.

o L :theset of L <0 and L; =0 for i > m.

We further define Np,(a) = Np(a) — a, which is a centered
Poisson process. Then we have

()
~™(0) +

L t o
> ([ A w) )+
Le(THUT\LEULE) 0

3 %NL ( /0 "R (g u0) du> 4

Lectucy
L [t . .
= [ A6 ) du.
n Jo

= 0 for

>

LeLtul,



Define s(t) to be the solution of the differential equations
(7) with initial condition s(0), and F(s) such that the nonlinear
differential equations in (7) are given by

ds

Following the idea behind the proof of Kurtz’s theorem (see
[5] for an easy exposition), we have

sup ’y(")(u)fs(u) (44)
0<u<t
< |y™(0) - 5(0) (45)
L u
s | X ([ RO ar)
0<u<t n 0
Lg(Liucy)
(46)
L& “ (n) (n)
+ sup Z — Ny, Ry (ny"™ (7)) dr
0<u<t I 0
Lectucy
47)
L (" oy, o)
+sup | Y = [ RV ™(r) dr
0<u<t — . NJo
Lectucy
- / F(y"(r)) dr|  (48)
u 0 U
+ sup / F('y(")(T)) dT—/ F(s(r)) dr|. (49
0<u<t|Jo 0

According to Lemmas 13-15, we obtain that there exists 7
such that for any n > n,

? (e, (o

/u F(v™ (7)) — F(s(r)) dr ) > 45)
0

<P (\7(”)(0) - s(())‘ >6) +3(1-P(Bya))

—_nAth(—9%
+4mkmax{e MGt G ’“f)}

AtC,
om

_S(u)‘ _

(d-1)2
PICES A -+

+)\t
5¢

9

which converges to zero as n — oo since m = O(logn).
Let

B, :{ sup ("y(") s(u)‘ —
0<u<t

/Ou F(v"™ (7)) — F(s(r))dr ) < 45} .

Then P(B,,) — 1 as n — oo. When B, occurs, for any
u € [0,t],

‘w) (u) — s(u)‘ <46+

/0 "By () — F(s(r))dr

< 45+M/Ou )(7) = s(7)| dr,

where the last inequality holds because F(s) is Lipschitz
as shown in Lemma 16. By Gronwall’s inequality we have

|y (1) — s(u)| < 46eM for any u € [0,t]. Thus

P ( sup |v™ (u) — s(u)’ < 456Mt) >P(B,) — 1
0<u<t

as n — oQ.
Lemma 13.
t -2 MC,
P((46) > §) < e~ Sahm L A o _p(g, ).

m

Proof. Note that L € 7% \ L} occurs when a task is
dispatched to a queue with size at least k. Under condition
(43), when a batch arrival occurs,

P U {ny - ny+L}
LeT \L3
P(dm — Z;, <m)

_ (d-1)?
< e 20@+D

IN

=P (Z > (d—1)m)

m

where Zj;, is the number of servers probed with queue size at
least k and the last inequality is obtained from the Hoeffding’s
inequality for sampling without replacement. Therefore, we
have

L Y
P sup Z —NL </ R£ )(n’y(n) (1)) dT) >0
0<u<t G L 0
LeT, \Lx
<P| sup %N / Z Ri”)(n’)’(”)(T)) dr | >4
o=t O LeTi\ex
<wP | 2N / S Ry ™(r) dr | 6
LeT\ch
t
<P %N / Z R(n) (n'y(") dr | > (5ﬂBn o
O et \ch
+1—-P(By.q)
m (d—1)2
<P <N< Mo~ it ) > 5) 11 P(B,.)
n m
(d—1)2
Sie 2(d+1) + 1- P(Bn,a)a

where inequality (a) holds because N(t) is nondecreasing
with ¢ and the last inequality is obtained from the Markov
inequality.



Similarly, we can also obtain

> ([ A ar)| 2

LeT, \L,

P sup
0<u<t

1 t
<r(ly / S ROy () dr | >
0

n

LeT, \Ln
LeT, \Ln

+1-— P(Bnﬂa)

<P <1N (n)\tC(a) > 5) +1— P(Bn,a)
n m
)\tC
]P n,o ).
<5 (Bn,a)
O

Lemma 14.

n

P ((47) > §) < 4m" max {eiE

s
th((m+1)km) _"th(z kt)}.

Proof. Note that |[£ UL-| <mF+m < 2mF. For L € L,

o (A )| > 50s)
P( sup |=N R (n~y(™ dr )| > —
(o [ ([ o000 )|

1)
<P| sup — ‘NL (ﬁ)\uﬂ > —
0<u<t M m 2mk

o\ th(

2m Mr)

<2e ™

where the last inequality follows from Proposition 5.2 in [5].
Similarly, for L € £,

LS Y ) g
P( su N R n'y(”) T dT)‘ > >
(O<u§t n v </0 r ( ( )) 2mk

)
SIE”(sup 7|NL )|>27nk)

0<u<t M

SQ@ nt (277th)

Combining the results above and using the union bound, we
obtain

P ((47) > ) < 4mF max{e*ﬁ”h(iw,ﬁfm) et >}
0

Lemma 15. There exists n such that for any n > n,

P ((48) > 6) < 1-P (Bn,oc) .

Proof. To study (48) under condition (42), we define

1 n
F(y)=— > LE(m),

LeLtucl,

and consider

FO) ( ‘ _

(v -FEMH). (50

We divide the analysis into the following cases:
e Fori>m, L; =0 forany L € £} UL, , which implies

Fl(n)( ) =0 and

(3

Z ‘Fi(n)ﬁ’) -

i>m i>m

Form > 1 >k,
FV() = =yt
which implies that

F"() - F(y)| =0.

Fi(v)‘ =Y Fi(Y) = vm1 < %

An
<MDw1n%+MHQ

S
B

2
I

n

= AdE[

D;
am Y| — Vi +Vita,

where D; is a random variable denoting the change in the
number of servers with queue size at least ¢ after water
filling. Therefore,

D;
am ||

Recall Z; to be the number of probed servers with queue
size at least ¢, so D; is a function of Z; (j < ).
Specifically,

Fi(n) (v) - F

7)’_AdE[

+
1—1
D; =min < dm — Z;, m—Z(dm—Zj)
=0
(51)
Therefore,
i1 +
D; dm—2; [1 <« Z;
Zi_nd YA 2 1 29
dm M) T dm 0\ d ;)( dm)

Applying the Hoeffding’s inequality for sampling without
replacement, we have that

_oplogm 2
IP’(|Zi—'yidm| > \/mlogm) < 2e727 =

which implies that

P <|Z ~vidm| < y/mlogm Vi< k) >1- m22k/d

tion (42)

Given |Z; — vidm| < /mlogm for all ¢ < k, we can
obtain
) +
D; , 1 <
E {dm 'y} —min{ 1 —~;, a—zo(l—yj)
j=
k\/log
< d\ﬁ
By summarizing the cases above, we obtain that under condi-
Co  kvlogm
F(y) —F(y)| < =2
() ~F ()| < T4 TR



Therefore, given ¢, there exists m such that for any m > my,

[ G ar- [TFa® ) ar

sup

o<u<t|Jo 0
<t a k\/log
m  dym

So for sufficient large n,

P <oi‘f}it / RO (4(r)) dr - / "Fly™)(r)) dr

0 0
<1—-P(Bn,a)-

O
Lemma 16. F(s) is Lipschitz.

Proof. Consider s, s’ € N*°. Without loss of generality Xg <
Xg. Define
hi(s) = Fi(s) — si + siy1.

Then
[F(s) — F(s)]
=D |Fi(s) = Fi(s')|
i=1
<D (Isi = sil + Isiva = siga | + [hi(s) — ha(s")])
i=1
o0
<2fs — | + > |hi(s) — hi(s').
i=1
Recall that Fi(s) = —s; + s for i > Xg and Fi(s) =
Ad — (1 + Ad)s; + s;41 for i < Xg, so
[F(s) — F(s')]
Xs—l Xs’
<2fs — /| +Ad > [si — s+ D hi(s) — ha(s))].
i=1 =X,

We next consider two cases. If hg_(s) < h

Z [hi(s) = hi(s')]

Xs—1
=Ad— Mds'y — A+ Ad > (1-s;)

Jj=1

x.(s'), then

+ Ad i 1—s)
i=Xs+

+A—Ad Z (1
Xs—1
=\d Z (s — 55)
j=1
X,—1
<\d Z s — s
j=1

<\d|s —§'|.

S

If hx (s) > hx_(s"), then

X
|hi(s) — hi(s)]
i=Xg
Xs
=— A+ sy + A — Mdsg, + A= Ad Y _(1—s;)
j=1
, <
+A— /\dz (1=s)=A+Ad> (1-s))
j=1 j=1
X,
+A=AD (1)
j=1
X,
<Md|s’y —sx |+ )\dz |8} — s,
j=1
<2\d|s — §'|,

where the first inequality holds because

Xs
A=MY (1-5;)<0
j=1

according to the definition of Xj.
Combining the results above, we obtain that

|F(s) — F(s")] < (2+3Xd)|s — §'].
Therefore, the lemma holds. O

APPENDIX E
PROOF OF THEOREM 9

Let X("¥) denote the weak convergence subsequence in
assumption (A4). By (Al) and the Skorohod representation
theorem, there exists {X("#)} and X such that

o X)) =, X(ne)

e X =4 X, and

o X(m%) converges to X almost surely.

Now let X (™) (0) = X (") ie., the nyth system starts at a
random initial condition specified by its stationary distribution,
which implies that

X(”k)(t) =4

Denote by X(t) the random state of the dynamical system
starting from the random initial condition X. According to
(A2), for any deterministic initial condition in X,

X ) (1) 25 X(¢).

X0 v,

By the definition of weak convergence, for a bounded contin-
uous function f,

lim B [ £(X(%)(6)) X )(0) = X

—E | f(X(1))X"(0) = X] .

Since f is bounded, further by the bounded convergence
theorem and the fact that P (X € X) =P(XeX) =1,
we have

lim E [f(xmf«)(t))} =E[f(X(t))],

n—oo



which implies that X ("+)(t) converges weakly to X(t) for any
t.

Since X(")(t) =4 X (™) V¢, we further have X(t) =4
X Vt. Now according to (A3), the dynamical system converges
to X starting from any initial condition in X', which implies
X (t) converges to X almost surely and also implies that X (¢)
converges weakly to X. Therefore, X is a point mass at X,
which implies that X (m) converges weakly to X. Since this
holds for any convergent subsequence, the theorem holds.

APPENDIX F

UNIFORM CONVERGENCE OF THE SERIES (16)
First since ).~ | E[7;] < c according to (15) and E [¥;] > 0
for all 7, the sequence s, = Zi’:l E [¥;] is bounded above and
increasing, so § = limy_,, Sp exits. Therefore, given any e,

there exists BE such that for any b > l~7€,

(oo}

Z Ef]=5—s <e

i=b+1

(52)

Next we establish an upper bound on

o0
Z E [,yi(nk)]
i=b+1
using the Lyapunov-drift analysis at the steady state. Since

S E[™] <e
i=1
for any ny and E [&Z-("’“)} is decreasing,

~ (i) ¢
£ [7 } =
for any 7 and any nj. According to Markov’s inequality, we
have d—1 2d
~(ng) - c
P(” = 54 ) Sid-t
Now consider the nith system and define a Lyapunov
function to be

(53)

N
VQM) = Y _(Qs(1) =b+1)%)?,

j=1
where b > 0 and the superscript (ng) of @ is ignored to
simplify the notation. Let x,y € N"* denote the state of
the Markov chains, and ¢, denote the transition rate from
state x to state y. According to the Foster-Lyapunov theorem
for continuous-time Markov chain (see, for example, Theorem
9.1.8 in [15]), we consider

> axy (V(Y) = V(). (54)
Y#x
Recall that e; is a 1 x ny, vector such that e;[j] = 1 and

e;[l] =0 for any ! # j. Then
Gene, (VI —e)") = V()

0, ifz; <b—1
—2($j — b) -1, if Tj > b

< - 2($]‘ - b)+v

which corresponds to a departure at server j.

Next define W to be the set of possible states of the Markov
chain when a batch arrival occurs and the system is in state
x. Consider

Y axy (Vy) = V().

We note that batch-filling is one of the optimal solutions to
the following problem:

2
ming Zi:l ((a;C +xp—b+ 1)+>

Zzzlak:m
ar €N Yk,

subject to:

where {x}r=1,... am are the sizes of the probed dm queues.
In other words, given x and the set of dm probed servers, the
batch-filling minimize V' (y). This can be proved by showing
that any task assignment can be modified to the batch-filling
solution, by iteratively moving new tasks from large queues
to small queues, without increasing the value of the objective
function.
Given any b > 2, we consider the following two cases.

o First consider x such that

d+1
2d

XEN: =(x: Z]ijgb_2 > ng
J

In other words, at least (d+ 1)/2d fraction of servers with
queue size at most b — 2.

Define Wy to be the set of possible states of the Markov
chain under batch-sampling when a batch arrival occurs
and the system is in state x, and ¢y y to be the correspond-
ing transition rate. Since batch-filling minimizes V (y) for
any given set of probed server, we have

Dy (V) V) < Y ey (V(y) - V(X))

yeYx yG‘i’x

Now under batch-sampling, a server may receive one (and
at most one) task if it is probed. Consider server j such that
x; > b— 1. Server j is probed with probability dm/ny,
and will receive one task if it is among the m least loaded
queues in the md probed queues. Conditioned on server j
is probed, define G_o to be the number of probed servers
with queue size at most b — 2 among the other dm — 1
servers. According to Hoeffding’s inequality for sampling
without replacement, we get

_ (d—1)? m
P(Gp_2 <m) <e” =
Therefore, we conclude that

> ey (V) ~ V(X))
. );\nk

dm _@-1?
X — X e =z

Mz —b+1)+1)"
m (2(z; —b+1)+1)

J
<3 ndem T (2(a; - b +3).
J



Note that (y; — b+ 1) = 0 for any queue j such that
xz; < b — 2 since each server is given at most one task
under batch-sampling.

« Consider x such that x & y, i.e.,

: 2y <b=2 <M o

In this case, we compare batch-filling with the randomized
load-balancing algorithm that places m tasks in a set
of randomly selected m servers, one for each server.
According to the analysis in the proof of Theorem 1, we
have

Y axy (Viy) = V(x)
yeWx
Ang m +
<= 2— i—b+1
m m+ T ;(xj +1)
=g+ Y 2\ (z;—b+1)"
J

<3BAng+ Y 2X(x; —b)"
J
Combining the results above, we have that

>ty (V(y) = V(%))
) (z; —b) T+

y#x
m]P’(m S Qb) + 2 ny P(ZI’ ¢ Qb)

< Z -2 (1 — Amax{1,de”

3nk/\de T

Recall that the Markov chain is positive recurrent according
to Theorem 1. Assume the system is in the steady state, then
we have

0=E Z dx,y (V(y) -

y#x

V()|

which implies that

3Ade— 5
2 (1 — Amax{1l,de”

mP(x € Q) +2A\P(x & Q)

)

Now given any 0 < € < 1, define n, such that for any
n > Ne

(d—1)2
2d

_@d-1?
3\de” 2a ™

<

2(1=-X)  —

Such n. exists because m = ©(logn) and m is increasing

function of n. Furthermore, define b, such that for any b > b,
and in the steady state of any njth system,

2 P(X ¢ Qb) < €

2(1-X) — 2

Such b, exists, independent of ng, due to inequality (53).

2
and de™ s m<.

DO ™

20

Furthermore, we note that

oo

E nikZ(gcj—b)+ = > E[M].

J i=b+1

Therefore, given any 0 < e < 1, there exist b and n. such
that for any b > b. and n; > n., the following inequality

holds: -
> E[™] <e
i=b+1

Combining the result above and result (52), we conclude
that given any 0 < e < 1, for any ny > n» and

b> max{b5/27 66/2}7
S E| ]
< ZzibJrl E ['VZ(M } + Z;‘)iﬂl E[¥] <e,

which concludes the proof.

~(nk) &

i -

APPENDIX G
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To simplify the notation, we assume k = 2, the analysis for
k > 2 is almost identical and hence omitted here. Now for
the nth system, we define S = {i : i > 2}, i.e., the set of
all servers except servers 1 and 2. We consider the following
Markov chain (Q{"(£), QS (t), n™(¢)), where

Diesm IQg’”(t):z

(n)
) =
;- (t) p—

) (p) _
IO~ Tomw=i ~Torw=i

n—2 ’

i.e., the fraction of servers with queue size ¢ in S (1), Recall
that an) (t) is the queue length of the first server in the nth
system, Qg") (t) is the queue length of the second server in
the nth system, and an) and Qg") are the queue lengths in
the steady state. Denote by

P((@".Q8". ") = (@,y.m)).

i.e., the stationary distribution of the Markov chain. For the nth
system, the global balance equation for a given state (z,y,n)
is

" (2, y,m) =

Z Tg::,)y,n) (@9,7)
(Z,9,M)#(z,y,m)

7" (,3,7)

™ (z,y,m)

= 2

(2,9,m)#(x,y,m)

ng?g’f’) (xv Y, 77)7

where ’I"ET)y - (Z, 9, n) is the transition rate from state (z,y,n)
to (Z,9,n) in the nth system, which further implies that

PR

n (&,9,7#(z,y.m)

—ZZ

(@,9,m)#(x,y,n)

,n_(n) (LC, Y, ,’7) ng?y,n) (‘%7 gv ﬁ)

L )(if g,1) E;c)g ﬁ)(‘rvyvn)' (595
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Note that for (Z,¢,7n) such that £ = x and § = v, Note that
P )
33 ) ) et i
n n#n & | min 1<d—(:i—1—x)—zj_0;z—1—j)d1> .
=337 @y ) el L (@yn) (56) 1+ Y000 2
n n#EN F-1,~ NXG\ T
el ] (@0 @ -
by exchanging the notations 77 and 7). Furthermore, to transit iy 1437 o
to a state with & > z and § > y, server 1 and server 2 need SR J=0 dm
to be both probed, so which implies that
(n) _
Z (n) (7.5,7) < )\Edm(dmf 1) _o (T) E, { (., n)(!E y)’ y} =
L (@ym\ YT = m n(n—1) n/’ 1 F—2,~ NXG N\ T
E>a,5>y E i d 1 - @—-1-a)=> @-1-j)gs
which implies that ’ 1+ Zf é fm
R m 1z )i lem X\ T
ZW (©.y.m) Y 1y (@G =0 (g) GD g lmin{1, [ 2 (@—2) Zj:(;((vx 9)
E>a,5>y 1+ 375 0ok
since >, 7™ (x,y,m) < 1. Similarly, we have It is easy to show that X;/dm converges weakly to 4;
because 1) converges weakly to 4. Hence, we have
(") (Z (n) T 0] (T) . (58) . n - . _ A
2T A EEA e =0 (G T By [0 Gy 2] = s B), w <7< Qur,
Note that and B
(n) (n) Jim > Ey [ zymxy)‘xy} 0, @<Qpr,
Ty (@ = LUM =71y m@y = L) =1, >Qpr
S0 where ¢, z(¥) and Qpr are defined in Lemma 2. Since 0 <
- 7™(z,y) < 1and 0 < E, [TEZ)U n)(i,y)’az,y} < dX, we
ZW (@,y,m (z v, n)( -Ly,n) can conclude that
. (n) (n) ~ ~
= Zﬂ(n) (z,y,m) P (z,y—1,7m) nh_}rrgo Z Z Z ™ (2, y,m) r(x,ym)(x Y, 1)
” (z,y,m) n i>r 7
_ (n)
_ 7T(n)(%y)’ (59) —nlgI;oW (z,y ZE [ () (z y)‘x y]
>
= lim 7™ (z,y) Z lim E, [ (m) (z, y)‘x y}
n n n—o00 ’ n—oo (zyn)
ZW()(C”"‘L%"I) EZF yn)(xay,n)zw()(x+17y)a - QBF2i>;E -
n
. (n) . (n) - ‘ }
(60) + nh_)H;OW (z,y) nll—>II(;lo Z Ey, [7“(9;4,7,7) (T, y)|z,y
I>2>QpBF
and .
=r(z,y) Y, quz(d)-
Do y L) gy (@) =7 @y 1), Qprzize
n Similarly, we have
(61) n n
159 3) 3 DECICRRIE Cae
Now we consider n i<z 7
(n) (n) S = Z ™(Z,Y) ¢z, ()
Z g Zﬂ. (x,y,n) T(w’y’n)(m,%n) F<x<Qpr
n @>x 7
(n) () B 5 Summarizing the results above, (55) implies that
=227 @y m) 3 (@)
o[ X wmr Y ast)
—cr ™) () - - T,y Gz,z(7Y) + Gy,
- N a;;ﬂ— 77| X2 Z w?m) v, 1) Qer>&>z Qur>7>y
Y E, [ ‘ } = Y w@ea.)+ DY, m@ i)y )
- x Y Z; Hewm) x y) nY E<z<Qpr §<y<Qpr
It is easy to verify the equation above is the detailed balance
where ng )u 7,)(N Y) =25 rE:)y 77)(~ Y, 7). equation for two independent and identical Markov chains with



transition rates given in Lemma 2, and the unique solution
therefore is 7(x,y) = .7, for 7 defined in (4). This means
that queue 1 and queue 2 are independent in the large-system
limit.
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